Aging is the strongest risk-factor for many serious diseases and comorbidities, including cancer, heart disease, kidney disease, dementia, Alzheimer's disease, frailty, and sarcopenia ([@CIT0001]). Increasing evidence suggests that aging occurs in a regulated manner, and that perturbation of discrete cell signaling pathways can extend life span and delay age-related diseases and comorbidities ([@CIT0006]). Inhibition of the mammalian target of rapamycin (mTORC1) pathway is perhaps the best-validated pharmacological intervention to forestall age-related phenotypic changes; inhibition of mTORC1 using rapamycin can extend murine life span, including in settings where the treatment is initiated relatively late in life ([@CIT0009],[@CIT0010],[@CIT0012]). As to mechanism, treatment with rapamycin has been shown to reverse signs of senescence in stem cells ([@CIT0007],[@CIT0013],[@CIT0014]) and decrease inflammation ([@CIT0008],[@CIT0015]).

Quite a few other mechanisms have been put forth as potentially regulating age-related conditions, and life span ([@CIT0016]). Interestingly, it was recently demonstrated that c-Myc inhibition could increase life span ([@CIT0017]); haplo-insufficient c-Myc ^+/-^ mice were shown to live longer, and they experienced a delay in age-related phenotypes, coincident with a decrease in activation of nutrient sensing pathways, which included Akt and mTOR pathways ([@CIT0017]).

It was unknown whether mTORC1 inhibition affects aging or its consequences in human beings. However, a recent clinical trial in elderly subjects demonstrated that a rapalog (RAD001) ameliorated immuno-senescence, as had been shown in mice ([@CIT0007]), and thereby improved the response of elderly humans to influenza vaccination ([@CIT0018]). The intervention in this case made use of relatively low or intermittent doses of the pharmacologic agent, and lasted only 6 weeks ([@CIT0018]). The study in humans established a treatment basis for a further understanding of mechanism by which rapalogs function when given at similarly low levels and shorter durations, a treatment paradigm which in this study we aimed to reverse-translate to animals.

Understanding the age-related changes that occur in multiple tissues upon drug treatment is a useful way to determine the site of action of particular interventions, and where more intervention might be called for. We were curious to know whether examination of kidney, liver, and skeletal muscle could lead to new insights into the possible mechanism by which mTORC1 inhibition counter-regulates age-related changes, which might be causal for age-related pathology.

Methods {#s1}
=======

Animal Maintenance, RAD001 Treatment, and Tissue Collection {#s2}
-----------------------------------------------------------

All procedures involving animals were approved by the Institutional Animal Care and Use Committee of the Novartis Institutes for Biomedical Research, Cambridge, MA, USA. Sprague Dawley (SD) male rats were purchased and aged at Envigo (Indianapolis, IN) under specific pathogen-free (SPF) conditions. Once imported, rats were maintained at the SPF facilities with controlled temperature and light (22°C, 12-hour light/12-hour dark cycle: lights on at 0600hours/lights off at 1800 hours) and with ad libitum access to food and water. The mortality rate of these rat cohorts at 21 months is \~22% and at 24 months is \~30%. Male SD rats were imported at 3 and 21 months of age, housed singly and maintained on a 2014 Teklad Global 14% Protein diet (Envigo) ad libitum. Rats were acclimated for at least 4 weeks before experiments commenced.

RAD001 (Novartis) was formulated as a custom made micro-emulsion preconcentrate at 2% (w/w) and diluted to a final concentration prior to dosing per os. Rats were treated with RAD001 diluted in water, supplemented with 0.25% methylcellulose. Microemulsion preconcentrate (adequate to a dose) diluted in water with 0.25% methylcellulose served as a vehicle control.

For RAD001 treatment, 22.5-month-old rats received per os either a vehicle daily (*N* = 12) or RAD001 once a week (*N* = 12) (seven doses of RAD001 in total) and vehicle daily for the rest of the week for 6 weeks. During the experiment, five aged rats died and one rat was removed from the experiment due to a malignancy. Four and a half month old rats treated with vehicle daily for 6 weeks served as young adult controls. Rats were given vehicle daily, because this study was a part of the larger study, that included groups of rats treated with other compounds daily. Blood glucose levels were measured in rats fasted from 0600 hours to 1200 hours using Embrance glucometer. Fifty-two hours following the last dose of RAD001 or 4 hours after the last vehicle dose, rats were anesthetized with 3.5% isoflurane and killed by exsanguination and thoracotomy. Kidneys, livers, gastrocnemius muscles, and spleens were collected and frozen in liquid nitrogen. One kidney from each animal was cryo-preserved in OCT for histology.

RNA Extraction, cDNA Synthesis, and Real-Time Quantitative polymerase chain reaction (RT-qPCR) {#s3}
----------------------------------------------------------------------------------------------

Snap frozen kidneys, livers, and gastrocnemius muscles were ground in liquid nitrogen by mortar and pestle and total RNA was extracted from \~30 mg of tissue powder using miRNeasy Micro Kit (Qiagen, 217084). The RNA concentration was quantified using NanoDrop Spectrophotometer (NanoDrop Technologies, USA) and the integrity validated by the OD260/OD280 absorption ratio (\>1.8) and by RIN score (\>8) using Agilent 2100 Bioanalyzer, RNA 6000 Nano LabChip kit and Agilent 2100 Expert Software (Agilent Technologies, Inc., Santa Clara, CA). Samples with RIN scores \>8 were designated for gene arrays (RNAseq). cDNA was synthesized from total RNA using TaqMan reverse transcription reagents (Applied Biosystems, Forster City, CA). RT-qPCR was performed using an Applied Biosystems 7900 fast real-time PCR system. All the Taqman probes were optimized by Applied Biosystems and are summarized in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. The PCR reactions used FastStart Universal Probe Master Mix (Roche Diagnostics, IN) and incubated in a 384-well optical plate at 50°C for 2 minutes, 95°C for 10 minutes followed by 40 cycles of 95°C for 15 seconds and 60° for 1 minute. Data generated by the RT-qPCR were analyzed in GraphPad using ANOVA followed by Dunnett's multiple comparison tests, where means from all groups were compared to the old vehicle treated group. *p* Value cutoff of .05 was used to determine significant changes. Data are presented as means with standard deviations. Animal numbers per group are indicated in the figure legends.

Transcriptomic Analyses With RNAseq {#s4}
-----------------------------------

For RNAseq, 76 bp paired-end reads were mapped to rat genome rn5 using STAR ([@CIT0019]) with default parameters. A genome-wide transcription signal map was derived by counting reads coverage in 10 bp step after normalizing to 1 million total reads. Stranded information was used to separate counts from sense and antisense strands. For gene annotation, we first clustered the Refseq transcripts based on the sharing of splicing sites to get a master set of gene loci representing all alternative isoforms. Signal from sense-strand were averaged across the exonic regions for each gene locus to measure the transcription level. This measure is equivalent to the RPKM "reads per kilobase per million" in other RNAseq analyses. Expression profiles were quantile-normalized to enable cross-sample comparison.

Age-regulated genes were identified by comparing the vehicle treated old samples with young samples, and RAD001-regulated genes were identified by comparing RAD001-treated with vehicle treated old samples, using a *t* test. *p* Values were adjusted for multiple tests and a false discovery rate (FDR) cutoff of .05 was used to identify significant changes. Pathway enrichment was tested with a Hypergeometric test, and FDR-adjusted *p* value cutoff of .001 was used to identify significant enrichment based on pathway annotation from MsigDB ([@CIT0020]).

Evaluation of Kidney Tissues by Light Microscopy and Semiquantitative Scoring {#s5}
-----------------------------------------------------------------------------

Semiquantitative scoring of hematoxylin and eosin (H&E)-stained kidney cryo-sections was performed according to standard methods for assessment of chronic progressive nephropathy (CPN) in aged laboratory rats ([@CIT0021],[@CIT0022]). In this schema, a 0 signifies no or nil lesions, 1 a minimal grade, 2 mild, 3 low-moderate, 4 mid-moderate, 5 high-moderate, 6 low-severe, 7 high-severe, and 8 end-stage. Grades from minimal to high-moderate represent a progressive increase in the number of CPN lesions as focal changes; low-severe the point where foci begin to coalesce into areas of cortical tubule change; high-severe where a majority of the cortical parenchyma is affected by CPN change; and end-stage where no, or almost no, normal parenchyma remains. Scoring of all tissue specimens by light microscopy was performed without knowledge of treatment group (ie, blinded/masked evaluation). Data generated by semiquantitative scoring was evaluated using a nonparametric Mann--Whitney test for comparison of histopathology scores from 6- and 24-month-old rats treated with vehicle and for comparison of histopathology scores from 24-month-old rats treated with vehicle and 24-month-old rats treated with RAD001.

Experiments With HEK293 Cells {#s6}
-----------------------------

HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium (Life Technologies, USA; 11995) supplemented with 10% fetal bovine serum (Hyclone, Utah; SH30070.03) and penicillin-streptomycin, 100 U/mL (Life Technologies; 15140-122), at 37°C in 5% CO2 until they were 60% confluent. Cells were treated with RAD001 (Novartis), Emetine (Sigma Aldrich, USA; E2375) and MG132 (Sigma Aldrich; M7449).

Protein Extraction and Immunoblotting {#s7}
-------------------------------------

For protein extraction, spleens were lysed in RIPA buffer (Thermo, IL; 89901) and HEK293 cells were lysed in M-PER buffer (Thermo; 78501), supplemented with complete EDTA free protease inhibitor and PhosSTOP phosphatase inhibitor tablets (Roche, Manheim, Germany), and centrifuged at 13,000*g* for 20 minutes at 4°C. The resultant supernatant was used for immunoblotting. Protein was quantified with BCA protein assay (Thermo Scientific, MA). Samples were resolved on 4%--20% Criterion TGX Precast Midi Protein gels (Bio-Rad, CA) and transferred onto nitrocellulose membranes (Bio-Rad) using a Trans Turbo Blot system (Bio-Rad). Immunoblotting was performed with antibodies to Myc (\#5605, \#9402), p-S6K1(Thr389) (\#9205) and t-S6K1 (\#9202) all from Cell Signaling Technologies (all 1:1,000 in TBS-T with 5% BSA). The "p" and "t" prefixes signify "phosphorylated" and "total" forms respectively. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) detected with an anti-GAPDH antibody (\#5174, Cell Signaling Technologies, MA) and HPRT1 detected with an anti-HPRT1 antibody (15059-1-AP Proteintech, USA) were used as protein loading controls. HRP-conjugated secondary antibodies against rabbit (\#7074) were from Cell Signaling Technologies. The chemiluminescence signal was generated using SuperSignal West Femto Enhanced Chemiluminescent Substrate (\#34095, Thermo Scientific) or Western Lightning® Plus-ECL Enhanced Chemiluminescence Substrate (NEL103001EA, Perkin Elmer, MA) and was captured using the ChemiDoc MP Imaging System (Bio-Rad). Resultant digital images were converted into a TIFF format and quantified using ImageJ software.

Results {#s8}
=======

Transcriptional Profile of Kidney, Liver, and Gastrocnemius Muscles in Old Rats Treated With RAD001 {#s9}
---------------------------------------------------------------------------------------------------

We sought to understand how gene expression is affected by age and whether use of a rapalog (RAD001), at doses and treatment duration similar to those used in human subjects ([@CIT0018]), would perturb age-related gene expression profiles in various tissues. The Sprague-Dawley (SD) rat lives approximately 2.5--3 years under laboratory conditions ([@CIT0023]). The mortality rate of our male SD rat cohorts at 24 months (2 years) is \~30% and we have previously shown that at this age rats exhibit pronounced age-related loss of muscle mass and function (sarcopenia) associated with transcriptional changes of many genes in this organ ([@CIT0024]). Thus in the present experiment we chose 24 months to be the endpoint of the study with 6-month-old rats used as young controls. RAD001 treatment was introduced at 22.5 months. Rats were treated for 6 weeks, with a dosing schedule and RAD001 concentration aimed at being the rat equivalent of the dose regimen previously used in humans ([@CIT0018]). An intermittent (1 mg/kg once a week) RAD001 dose used in the present study for treating old rats is equivalent to a weekly (5 mg/week) human dose ([@CIT0018]). This RAD001 dose was well-tolerated by old rats; no change in the body weight or the baseline glucose level was observed ([Supplementary Figure 1A](#sup1){ref-type="supplementary-material"}, [B](#sup1){ref-type="supplementary-material"}). We performed transcriptome profiling of kidney, liver and gastrocnemius muscles by RNA-seq and interrogated the expression of protein coding genes ([Figure 1](#F1){ref-type="fig"}).

![Genes up- and down-regulated by aging from 6 months to 24 months in rat kidney, liver, and gastrocnemius muscle, and the impact of RAD001 on the expression of these age-perturbed genes at 24 months. Rats aged 4.5 month and 22.5 months were treated with vehicle and rats aged 22.5 months were treated with RAD001 for 6 weeks, with a read-out at 6 and 24 months. Transcriptional profiling in the kidney, liver and gastrocnemius muscle was carried out by RNA-seq. Heat maps (**A**, **B**, **C**) depict genes that are differentially expressed between 6- and 24 month-old tissues (*p* \< .05 adjusted for false discovery rate \[FDR\]) and the impact of RAD001 on the expression profile of these age-regulated genes. The blue hash (\#) indicates genes that are significantly different between 6- and 24-month-old vehicle treated rats (*p* \< .05 adjusted for FDR) and the red asterisk (\*) indicates genes that are significantly different between 24-month-old vehicle treated and 24-month-old RAD001 treated rats (*p* \< .05 adjusted for FDR). Standardized expression levels, from low to high, are colored from green to red: thus gene up-regulation is shown by a transition from green to red, and down regulation by a transition from red to green. In each heat map image, each column represents a single rat and each row represents a single gene. *N* = 8--10 rats per group.](glx24901){#F1}

We first identified genes that change with aging in a particular direction (either upward or downward) in three organs (kidney, liver, and gastrocnemius) by comparing transcriptomes between 6- and 24-month-old rats treated with vehicle. Aging differentially regulated expression of 4,088 genes in the kidney, 1,234 genes in the liver and 2,999 genes in the gastrocnemius muscle (*t* test, FDR \< 0.05, [Figure 1A--C](#F1){ref-type="fig"}). We next sought to establish which age-regulated genes are counter-regulated, back toward a "youthful" direction, by mTORC1 inhibition, using a rapalog. Comparison of transcriptomics between 24-month-old rats treated with vehicle and RAD001 revealed that RAD001 treatment counter-regulated expression of 37% of the age-regulated genes in the kidney (1,508 out of total 4,088) and 10% of age-regulated genes in the liver (126 out of 1,234; [Figure 1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}). In the gastrocnemius muscle, only 50 out of 2,999 age-regulated genes were counter-regulated by a rapalog treatment, using this dosing regimen ([Figure 1C](#F1){ref-type="fig"}).

Next we wanted to determine gene pathways that were regulated by age and counter-regulated by RAD001. Gene pathway analyses are displayed in [Figure 2](#F2){ref-type="fig"}; we report those pathways which are either up or down regulated with age, and those which are counter-regulated by RAD001---thus, for a pathway up-regulated by age we show which of these are down-regulated by RAD001; for those pathways down-regulated by age, we show which are up-regulated by RAD001 ([Figure 2](#F2){ref-type="fig"}). Gene pathways up-regulated by age in all three tissues were complement genes, apoptosis and interferon gamma response pathway genes, albeit this upregulation was highly significant (hypergeometric test, *p* \< 10^−12^**--**10^−20^) in the old kidney and less significant in the old liver and skeletal muscle ([Figure 2](#F2){ref-type="fig"}). In the kidney, inflammation-related pathways were particularly noteable of the pathways perturbed by age (TNFα signaling, IL6/Jak/Stat signaling, Interferon alpha and gamma responsive genes, IL2/Stat5 signaling, etc; [Figure 2](#F2){ref-type="fig"}). Of the three tissues studied, RAD001 had a particularly notable effect on the age-regulated gene pathways in the kidney ([Figure 2](#F2){ref-type="fig"}; compare column 1 to column 4; compare column 7 to column 10). Strikingly, RAD001 treatment counter-regulated the majority of the age-regulated pathways in the kidney. Of particular interest was counter-regulation of the following pathways: inflammatory response, interferon alpha and interferon gamma response, complement and allograft rejection, epithelial to mesenchymal transition and apoptosis---as these pathways were strongly up-regulated by aging ([Figure 2](#F2){ref-type="fig"}). Surprisingly, RAD001 did not impact age-related gene pathways in the liver or the muscle as much using this treatment paradigm ([Figure 2](#F2){ref-type="fig"}). It should be noted that there are trends towards counter-regulation of age-perturbed gene pathways by RAD001 in skeletal muscle and liver, but these did not reach statistical significance once the data were corrected for FDR (false-discovery rate).

![Functional annotation of gene pathways differentially regulated by age (6-months vs 24-months vehicle-treated groups) and by RAD001 (24-month vehicle vs 24-month RAD001-treated groups) in kidney, liver, and gastrocnemius (gastroc) muscle of rats. Boxes with a color transition from green to blue represent up-regulated pathways (AGE-UP or RAD-UP) with *p* \< 10^--20^ (green) -- *p* \< 10^--3^ (blue). Boxes with a color transition from red to yellow represent down-regulated pathways (AGE-DW or RAD-DW) with *p* \< 10^--20^ (red) -- *p* \< 10^--3^ (yellow). Numbers of genes that are regulated in either direction by age or RAD001 are indicated in brackets: eg, AGE-UP_Kidney (2641).](glx24902){#F2}

Since the response to RAD001 treatment was the most striking in the aged rat kidney, we validated kidney-perturbed genes; the pathways included those that were tagged as being part of the interferon gamma response ([Figure 3A](#F3){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}) and genes involved in epithelial to mesenchymal transition ([Figure 3B](#F3){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}) by RT-qPCR. Validation of these pathways confirmed that RAD001 counter-regulated gene markers of inflammation and fibrosis (eg, collagen isoforms; [Figure 3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}).

![Validation of interferon gamma (**A**) and (**B**) epithelial to mesenchymal transition pathways in the rat kidney. mRNA amounts of the selected genes were quantified by real-time quantitative polymerase chain reaction in the kidneys from 6-month-old rats treated with vehicle and 24-month-old rats treated with vehicle or RAD001. mRNA amounts of the genes of interest were normalized to a geometric mean of reference genes Cox7a2, Vps26a, and TATA-box-binding protein. Data are mean ± *SD*. \*\**p* ≤ .01; \*\*\**p* ≤ .001; \*\*\*\**p* ≤ .0001. Y-axes represent arbitrary units for normalized mRNA amounts. *N* = 8--10 rats per group.](glx24903){#F3}

RAD001 Treatment Reduces the Severity of Chronic Progressive Nephropathy Lesions in Aged Rats {#s10}
---------------------------------------------------------------------------------------------

Since RAD001 counter-regulated the largest number of age-related genes and gene pathways in aged rat kidneys, we assessed the effect of this treatment on kidney morphology. Semiquantitative histopathology scoring of hematoxylin and eosin (H&E)-stained longitudinal sections of frozen kidneys for chronic progressive nephropathy lesions ([@CIT0025]) was performed by light microscopy according to standard methods ([@CIT0021],[@CIT0022]). As expected, the histopathology scores were greater in 24-month-old rats treated with vehicle compared with 6-month-old rats treated with vehicle ([Figure 4A](#F4){ref-type="fig"}, [B](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). Compared with 24-month-old rats treated with vehicle, animals treated with RAD001 had a significantly lower mean histopathology score, indicating prevention of age-related pathology occurred ([Figure 4B](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}).

![Representative photomicrographs illustrating longitudinal sections of hematoxylin and eosin (H&E)-stained kidneys (cortex region) from a 6-month-old rat treated with vehicle (**A**), a 24-month-old rat treated with vehicle (**B**) and a 24-month-old rat treated with RAD001 (**C**). Asterisks (\*) in panel **B** indicate dilated renal tubules in the kidney from a 24-month-old rat treated with vehicle. Scale bars, 100 μm. (**D**) Graphical summary of semiquantitative histopathology scores. Data are mean ± *SD*. \*\*\*\**p* ≤ .0001, \*\**p*≤ = .01. *N* = 8--10 rats per group.](glx24904){#F4}

Age Increases and RAD001 Suppresses the Myc Pathway in Old Rats {#s11}
---------------------------------------------------------------

Myc target genes were found to be upregulated by age and suppressed by RAD001 in the old rat kidney ([Figure 2](#F2){ref-type="fig"}), which we found interesting because mice that are hypomorphic for c-Myc have been shown to have extended lifespans ([@CIT0017]). Validation of this pathway with RT-qPCR confirmed that expression of *c-Myc* itself, along with c-Myc target genes, was upregulated during aging in the rat kidney and counter-regulated by a rapalog ([Figure 5A](#F5){ref-type="fig"}). To begin exploring the mechanism by which mTORC1 regulates Myc, we determined whether rapalog treatment perturbed c-Myc protein amounts. Two anti-c-Myc antibodies from Cell Signaling Technologies, which were first validated for specificity to c-Myc, were used to detect c-Myc protein in the rat kidney, but c-Myc protein was below detectable levels in this organ. Since spleen is one tissue that has a high c-Myc mRNA expression level in rats ([www.biogps.org](https://www.biogps.org)), we next performed immunoblotting on spleens from old rats treated with a vehicle in comparison to old rats treated with RAD001 ([Figure 5B](#F5){ref-type="fig"}). Treatment with RAD001 resulted in lower c-Myc levels in 24-month-old animals ([Figure 5B](#F5){ref-type="fig"}; compare 24 months Veh to 24 months RAD).

![(**A**) Validation of Myc target genes in the rat kidney. mRNA amounts of selected genes were quantified by real-time quantitative polymerase chain reaction in the kidneys from 6-month-old rats treated with vehicle and 24-month-old rats treated with vehicle or RAD001. mRNA amounts of genes of interest were normalized to a geometric mean of reference genes Cox7a2, Vps26a, and TATA-box-binding protein. Data are mean ± *SD*. \*\**p* ≤ .01; \*\*\**p* ≤ .001; \*\*\*\**p* ≤ .0001. Y-axes represent arbitrary units for normalized mRNA amounts. *N* = 8--10 rats per group. (**B**) c-Myc protein detected by immunoblotting in the spleen from 24-month-old rats treated with either vehicle alone or with RAD001. For the spleen protein samples, HPRT1 was used as a loading control. Densitometric quantification of c-Myc protein bands relative to HPRT1 (used as a loading control) is shown on the right hand side (**B**). \**p* ≤ .05, data are mean ± *SD*. *N* = 8--10 rats per group. (**C**) HEK293 cells were treated with vehicle (DMSO) as a negative control, or with increasing concentrations of RAD001 (1 nM, 5 nM, and 20 nM) for 24 hours and c-Myc protein was detected by immunoblotting (**panel 1**). (**D**) c-Myc protein amounts detected in HEK293 cells 6 hours following treatment with RAD001 (5 nM), Emetine (10 μM), and MG132 (10 μM) (**panel 1 in D**). In cases where either of these compounds was omitted, cells were treated with blank carriers: DMSO for RAD001 and MG132 and water for Emetine.\
Immunoblotting for p-S6K1(T389) and t-S6K1 was performed to demonstrate inhibition of the mTORC1 pathway by RAD001 (**panels 2 and 3 in C and D**). GAPDH is shown as a protein loading control (**panel 4 in C and D**).](glx24905){#F5}

To validate an in vitro setting for exploring the mechanism, we then tested whether mTORC1 inhibition with RAD001 perturbs c-Myc protein levels in HEK293 (Human Embryonic Kidney) cells. HEK 293 cells have readily detectable c-Myc levels, by immunoblotting. HEK293 cells were treated with 1 nM, 5 nM, and 20 nM of RAD001 and c-Myc protein amounts were measured 24 hours following treatment. All doses of RAD001 reduced c-Myc protein amounts, and there was an apparent dose--response ([Figure 5C](#F5){ref-type="fig"}).

To determine whether RAD001 is perturbing c-Myc translation or degradation, HEK293 cells were treated with: RAD001 alone; Emetine (a protein synthesis inhibitor) alone; the combination of RAD001 and Emetine, and the combination plus a proteasome inhibitor (MG132) ([Figure 5D](#F5){ref-type="fig"}). RAD001 alone and Emetine alone both reduced c-Myc protein levels. Interestingly, c-Myc protein levels were further reduced with the combination of RAD001 and Emetine, demonstrating that RAD001 can decrease c-Myc further, even when translation is blocked; this suggested a mechanism distinct from solely inhibiting protein translation, the usual mechanism for mTORC1 inhibition. To examine protein degradation, a proteasome inhibitor was also tested---MG132. The loss of c-Myc protein induced by the rapalog was rescued by the addition of MG132 ([Figure 5D](#F5){ref-type="fig"}). These results indicate that at least one of the mechanisms by which RAD001 reduces c-Myc protein is by promoting its degradation by the proteasome, since a proteasome inhibitor can entirely block the effects of RAD001.

Discussion {#s12}
==========

Aging dramatically increases the likelihood for the most serious diseases that affect humans, including cancer, heart disease, dementia, sarcopenia, and chronic kidney disease. It seems plausible that the gene-changes associated with aging could contribute to the onset of these conditions, either by creating a permissive environment for further pathology, or by directly inducing these conditions. Rapalogs have been shown to extend life span ([@CIT0010],[@CIT0012]) and forestall many of these age-related morbid phenotypes ([@CIT0007],[@CIT0008],[@CIT0011],[@CIT0026],[@CIT0027]), including in humans ([@CIT0018]). Therefore, we were curious to determine age-related genes, and the gene pathways, which were counter-regulated by a rapalog, RAD001. We used clinically relevant low doses of the rapalog RAD001, and a short (6-week) time course of treatment, since these had been shown to be effective in a prior human study, where 6 weeks of treatment was sufficient to counter-regulate age-related declines in responses to vaccination ([@CIT0018]). It is important to determine whether lower doses and shorter time-frames are sufficient to induce meaningful change---since lifetime treatment at high doses of this mechanism is not feasible.

The results of the gene expression component of the study were surprising: of the three tissues studied, there was a much greater effect of RAD001 on the kidney in comparison to liver and skeletal muscle with this low-dose and short-term treatment paradigm, pointing toward the therapy as fairly kidney-selective. From a safety point of view, perhaps the relative lack of a strong effect on skeletal muscle at these doses is fortuitous, given the concern of perturbing gene expression downstream of inhibiting protein synthesis pathways, which contribute to muscle maintenance, in settings of sarcopenia (the age-related loss of skeletal muscle mass and function) ([@CIT0005]). This relative kidney-selective effect on gene expression occurred despite the fact that the drug was able to get into liver and skeletal muscle and perturb downstream signaling at 1 mg/kg (the dose given), as evidenced by inhibition of S6K1 and S6 phosphorylation in skeletal muscle and liver (data not shown).

One gene-set that was upregulated in rat kidney when comparing 6- to 24-month-old animals was c-Myc target genes ([Figure 2](#F2){ref-type="fig"}). This finding was confirmed by examining specific genes in the pathway by RT-qPCR ([Figure 5A](#F5){ref-type="fig"}). In the kidney, c-Myc mRNA itself was upregulated with age, and counter-regulated by 6-week treatment with the rapalog, as were genes that fall under the Myc-regulated pathway. This was of particular interest for a couple of reasons: first, it was recently shown that Myc haplo-insufficient mice had prolonged lifespans, and demonstrated a downregulation of several pathways, including mTORC1 signaling ([@CIT0017]). A distinct study very recently demonstrated that transient upregulation of the Yamanaka factors, the four genes which are required to epigentically reprogram cells to their dedifferentiated form, inducing the formation of induced-pluripotent cells, could significantly increase life span ([@CIT0028]). One of those genes is c-Myc ([@CIT0028]). The combination of these studies and our current work point to a key role Myc may be playing in regulating the epigenetic changes associated with aging, and the potential therapeutic value of inhibiting those Myc-induced changes to treat age-related diseases, also highlighting mTORC1 inhibition as a strategy to intervene when Myc or Myc-induced genes are elevated. Of course, it is also of interest to note that part of the mechanism by which mTORC1 inhibition perturbs aging might be its ability to inhibit Myc, and this is a mechanism not previously implicated for rapalogs.

We went on to determine the mechanism by which RAD001 perturbs c-Myc protein levels, both in kidney cells in vitro (HEK293 cells) and in the rat spleen in vivo. A dose response of RAD001 treatment decreased c-Myc protein levels significantly. This might in part be due to decreases in c-Myc translation, or it might also be due o signaling changes, leading to a relative increase in c-Myc protein turnover. We investigated the mechanism further, thinking that since mTOR controls protein translation, inhibition of mTORC1 might decrease the levels of c-Myc by this mechanism; however, even in the presence of a protein translation inhibitor, Emetine, the rapalog further decreased c-Myc protein levels. Furthermore, a proteasome inhibitor---MG132---entirely rescued c-Myc levels from rapalog-induced turnover; this data seemingly justifies adding mTORC1 inhibition to the growing list of mechanisms which regulate c-Myc protein stability ([@CIT0029]).

There are many studies that demonstrate inflammatory signaling increases with age ([@CIT0008],[@CIT0030],[@CIT0031]), and this was seen in the kidney in the current study. Multiple pathways that can be considered "inflammatory" were counter-regulated by transient and low-dose RAD001 treatment, including the inflammatory response gene pathway, interferon alpha and gamma targets, and the epithelial to mesenchymal transition genes, which might be early signs of fibrosis. In addition to changes observed in gene expression profiling, treatment of 24-month-old rats with RAD001 for six weeks reduced the severity of chronic progressive nephropathy lesions observed post-treatment. This rescue of age-induced pathology in the kidney is probably happening by preventing or delaying the onset of pathological changes in the kidney, since it is unlikely that kidney regeneration can easily occur, given the multiple cellular lineages involved.

Age-related kidney disease is a significant problem in the elderly adults ([@CIT0032]), affecting 46.8% of the people aged 70 years and older ([@CIT0032]). The risk is increased in individuals with diabetes and/or hypertension---the incidence of which is also increased as a result of an increase in the prevalence of obesity. Thus, there is a significant need for intervention in age-related kidney failure. It has been noted that an inflammatory state exists in chronic kidney disease ([@CIT0033]) as a function of aging, a finding that was recapitulated in the present study. Thus, the ability of the rapalog to counter-regulate inflammatory processes might be translatable to the human. The prior experience in the clinic, showing improvement of immune function ([@CIT0018]), also suggests that other tissues are sensitive to rapalogs.

Further study is needed to examine other tissues in a similar manner, including immune cells, and to determine if distinct pharmacological therapy can be added to an mTORC1 inhibition treatment regimen to increase the coverage of age-related gene changes that might be counter-regulated by intervention, but this study demonstrates the potential tissue-specific mechanisms by which transient mTORC1 inhibition may be counter-regulating age-related pathology.
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